Abstract. Leucorrhinia caudalis is a dragonfly species threatened throughout Europe. Despite evidence of the recent extension of its distribution range, it is unknown whether L. caudalis regularly or hardly ever migrates among ponds. The contemporary migration patterns of the species were investigated using Bayesian assignment tests and the migration rates related to landscape structural and thematic variables (distance between ponds, forest area, area of water body, area of hedgerow). Migration rates of L. caudalis are independent of any landscape element. Thus, landscape structure is not a barrier or corridor for migration in this species. The tendency of L. caudalis to disperse is largely independent of the nature of the landscape, at least at the scale of the present study.
INTRODUCTION
Migration patterns determine the dynamics of populations (Dieckmann et al., 1999) , and their implications for demography and evolution are key research topics (Neilson et al., 2005; Berkley et al., 2010; Guichard et al., 2010) . Landscape structure is a major determinant of movement in many organisms (Van Dyck & Matthysen, 1999; Cushman, 2006; Marini et al., 2009; Romero et al., 2009) , particularly in fragmented habitats (Watts et al., 2004 ; but see Diekötter et al., 2010) . For wetlands in Europe, fragmentation of this inherently patchy habitat is ongoing due to continued land-use change such as intensification of agriculture or extension of settlements. Thus, a decline in the migration of specialist species among wetlands with negative consequence for population demography may be expected.
Here, the recent migration rates of the dragonfly Leucorrhinia caudalis (Charpentier, 1840) and the relationship of these rates to a set of thematic and structural landscape features is genetically assessed. Genetic methods are a promising alternative to observational studies on animal movement as they can be used to efficiently address migration at the landscape scale (Watts, 2009; Diekötter et al., 2010) .
Leucorrhinia caudalis is a dragonfly threatened throughout its European distribution (Sternberg et al., 2000) , including Switzerland (Vonwil & Osterwalder, 2006) . In 1980, only a single population survived in the Reuss Valley (Vonwil, 2005) . However, in the 1990s and 2000s, new colonizations of ponds were recorded at distances between 500 m and 7 km from the probable source population. While these colonization events clearly show that dispersal occurs in L. caudalis, it is unknown whether migration among ponds occurs on a regular basis. The current populations of L. caudalis are characterized by substantial genetic variation (Keller et al., 2010) , but this variation has not been used to study the influence of landscape elements on the movement of L. caudalis. For the damselfly Coenagrion mercuriale, however, it is known that its continuous stream habitat influences movement positively, whereas scrub boundaries and tall vegetation have a negative influence on movement (Purse et al., 2003) .
The thematic and structural landscape features that are considered important in determining L. caudalis migration rates include distance between ponds, hedges as leading structures, forests as potential barriers and preference for various types of water bodies. These landscape features have been related to contemporary migration rates based on Bayesian assignment tests in a general linear modelling framework (Faubet et al., 2007; Faubet & Gaggiotti, 2008) . The present approach relates migration rates to landscape genetics, an emerging research field that combines theory and techniques of population genetics with the spatially dynamic framework of landscape ecology (Manel et al., 2003; Holderegger & Wagner, 2008) .
MATERIAL AND METHODS
The study species, L. caudalis, is a spring dragonfly emerging at the beginning of May. Its main flight season is between mid-May and mid-June (Vonwil, 2005) . Populations of L. caudalis have been declining across its whole distribution range and many of the remaining populations are spatially isolated. Early in the 20th century, the species was widespread in the Swiss lowlands, but then suffered a substantial population decline in the late 20th century. Recently there has been an increase in the abundance and distribution of L. caudalis in Switzerland, although the species is generally considered a weak flier (Vonwil, 2005) . No specific information is available on this species' flying habit.
An area of approximately 36 km 2 located in the Reuss river Valley, Canton of Aargau, Switzerland ( Fig. 1 ) was included in this study. The area is characterized by riparian areas, wetlands, intensive agriculture, settlement, and forest. Within this area, four ponds harboured larger populations (= 100 individuals) of L. caudalis in 2008 that were all sampled for this study (Fig. 1) .
A non-invasive genetic sampling strategy was chosen: DNA was extracted from exuviae (Watts et al., 2005) or dead imagines from all the larger populations of L. caudalis in the Reuss Valley (FM, SRB, BW, UW; Table 1 ). A total of 113 samples (Table 1) were extracted and six microsatellite loci (Leucau03, Leucau04, Leucau06, Leucau10, Leucau15, and Leucau20) analysed using the procedures described in Keller et al. (2009) . The extracted DNA was amplified many times and neither deviation from Hardy-Weinberg equilibrium nor linkage equilibrium was detected in the dataset. The genetic data used, the number of alleles detected and heterozygosity estimates, are also described in Keller et al. (2010) .
The following landscape structural variables were considered as potentially important in determining dragonfly migration rates: (1) hedgerows, (2) water bodies, (3), forests, and (4) geographic distance between sampling sites. Information on land cover (forest, water bodies, hedgerows) was derived from vector25 data (Swisstopo) . For each of these land-cover variables, length (m) and area (m 2 ) of water bodies, forest area (m 2 ), and length (m) and area (m 2 ) of hedgerows were calculated within straight-line corridors of different widths (200, 300, 600 m) between two ponds. However, as buffer sizes did not influence the results of the analysis, the present results are only for a width of 600 m.
The spatial contiguity of the individual land-cover variables were addressed by using buffers. Hedgerows were buffered with 2 m and forest areas with 5 m, water bodies were summed up over areas of lakes (buffered with 5 m), rivers (buffered with 3 m), and creeks (buffered with 1 m). Euclidean distances (m) between ponds were chosen to address the effect of geographic distance between sites (i.e., isolation by distance; Wright, 1943).
These land-cover variables were then related to contemporary migration rates (m) based on the Bayesian assignment test implemented in BIMR (Faubet et al., 2007; Faubet & Gaggiotti, 2008) . BIMR defines posterior estimates of last generation migration rates using Markov Chain Monte Carlo (MCMC) and Reversible Jump MCMC methods (Faubet et al., 2007; Faubet & Giaggotti, 2008) . Migration rates were related to land-cover variables based in a generalized linear model (GLM). The pairwise correlation between land-cover variables entering the GLM was maximally 0.6. BIMR runs to obtain migration rates and regression parameters were specified as follows. Several burnins between 10,000 and several millions were tested, but had no effect on the gen-328 Fig. 1 . Study area in the Reuss river valley in Switzerland (see the inlet) and location of the four populations of Leucorrhinia caudalis studied. For population abbreviations see Table 1. eral pattern of the migration rates. Thus, a burnin period of 20,000 runs, a sample size of 20,000 runs and ten replicates per run, were chosen. Priors of the migration rates were varied between 10-100% at 10% intervals to identify the relative effects of priors on the migration rate determined from the genetic data set. Mean and standard deviations for posterior regression model probabilities of the ten replicates per run were calculated for all land-cover variables individually. BIMR can handle sample sets as low as n = 3 per population (Faubet & Giaggiotti, 2008) , therefore, the results for all four ponds sampled were included in the analysis. Because lengths of water bodies and hedgerows did not explain more variation in the genetic data set than did the area covered by these land-cover variables, the final full model only contained the variables areas of forest, water bodies, and hedgerows as well as geographic distance.
RESULTS AND DISCUSSION
Microsatellites in dragon-and damselflies have been used to assess (neutral) genetic diversity (Watts et al., 2006) , genetic differences among consecutive generations (Lowe, 2009), contemporary migration rates (Watts et al., 2007a) , effective population sizes (Watts et al., 2007b) , and isolation-by-distance based on genetic differentiation (Watts et al., 2004) . In this study, the application of microsatellites was extended to dragonflies and damselflies in order to better understand the relationship between contemporary migration rates of L. caudalis and thematic and structural landscape features.
However, the effectiveness of this approach may be limited if the sample size is small. As only four ponds were sampled, it is possible that the statistical power was low to accurately describe recent migration patterns and detect any landscape influences on these patterns. Furthermore, the six loci used may not have been sufficient to accurately describe genetic migration rates among the ponds sampled. In addition, the landscape elements recorded are not equally distributed across the landscape. Thus, the effect of less frequent landscape elements (e.g., forests) may have been underestimated. Finally, the results reported in this paper only refer to the spatial scale and landscape investigated. Whether these results may be transferred to other landscapes and scales remains to be tested (e.g., by providing landscape replicates).
Different priors for the proporiton of migrating individuals (10-100%) in BIMR did not strongly influence the estimation of the overall migration rates (Fig. 2) . Figure 2 , however, shows the distinct directionality of the migration rates for population FM. This population (Table 1) was exclusively a sink for migrants. In contrast, migration rates among populations SRB, BW, and UW had no obvious differences in directionality, thus they interacted in a similar way (all showing migration rates of about 0.2; Fig. 2) . The observed migration rates were independent of any landscape structural or thematic feature as the migration rates across the landscape were similar (Table 2 ). This lack of landscape effects on migration rates accord with other published studies on dragon-and damselflies, which indicate no significant genetic differences at distances of up to 8 km (Wong et al., 2003; but see Purse et al., 2003) . The implication for practical conservation is that landscape structure does not constitute a barrier or obvious leading structures that hinder or facilitate the migration of L. caudalis. Long distance flights of this dragonfly are probably not affected by landscape structure, at least at the scale of the present study. Fig. 2 . Examples of the influence of different priors of migration rates on means of the estimated migration rates and migration directionality for ten BIMR runs (Faubet et al., 2007; Faubet & Gaggiotti, 2008) 
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Standard deviation Mean
Posterior probabilities Land-cover variables TABLE 2. Mean and standard deviation of posterior probabilities derived from runs of ten BIMR regression models (Faubet et al., 2007; Faubet & Gaggiotti, 2008 ) that included different land-cover variables. G1: Euclidean distance (m); G2: forest area (m 2 ); G3: water body area (m 2 ); G4: hedgerow area (m 2 ). The posterior probability is the conditional probability that is assigned after land-cover variables are taken into account.
